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High performance Fe-cladded MgB2 taps were prepared by the in situ powder-in-tube
method utilizing very cheap stearic acid (C18H36O2) as dopants. The amount of stearic
acid was varied from 0 to 30 wt%. We found that a significant enhancement of Jc,
Hirr, and Hc2 in comparison with undoped samples was easily achieved. At 4.2 K,
the transport Jc for the best doped tapes (10 wt%) reached 2 × 10
4 A/cm2 at 10 T and
3.7 × 103 A/cm2 at 14 T, respectively, an order of magnitude higher than for the pure
tapes. In particular, at 20 K, the irreversibility field of the 10 wt% doped tape was
around 10 T, which is comparable to the upper critical field of the commercial NbTi at
4.2 K. The results demonstrate great potential of MgB2 tapes for superconducting magnets.
The discovery of superconductivity at 39 K in the
MgB2 compound has generated great interest in the field
of applied superconductivity. Compared with conven-
tional metallic superconductors (LTS), MgB2 has advan-
tages of high-transition temperature (Tc) and low raw
material costs of both B and Mg. MgB2 wires could
become a credible competitor to LTS-based wires or to
BiSrCaCuO (BSCCO)-based wires used in low-
temperature (<25 K) applications, such as a potential
magnetic resonance imaging (MRI) magnet conductor.1
Recently, Braccini et al. reported Hc2(0) > 50 T for
C-doped MgB2 films.
2 Such a value exceeds those of any
Nb-based conductor at any temperature, suggesting that
MgB2 could be a feasible replacement for Nb3Sn as a
high-field magnet conductor. Indeed, superconducting
MgB2 tape has been regarded as one of the most prom-
ising materials for the next generation of superconductor
applications.3 Wires and tapes of MgB2 have been made
using the so-called “powder-in-tube” (PIT) technique
with encouraging results, e.g., we have recently shown
that nanocarbon-doped MgB2 tapes have reached a criti-
cal current density Jc higher than 1000 A/cm
2 at 4.2 K in
a magnetic field of 14 T.4 However, the in-field Jc of
MgB2 tapes and wires does not yet reach a practical
level because of low upper critical field and poor flux
pinning.
To improve Jc–H properties of Fe-sheathed MgB2
tapes, a number of experimental techniques, including
chemical doping, irradiation, and ball-milling methods,
have been attempted.5–10 Among many methods, alloy-
ing with carbon seems to be the most effective to im-
prove the properties in high magnetic fields, including
Hc2 and Jc.
4,5,11–13 Unfortunately, doping effect has been
limited by the agglomeration of nano-sized C dopants
and the poor reactivity of C with MgB2. To solve these
problems, aromatic hydrocarbon14 and malic acid15 have
been recently used as dopants to increase the flux pinning
in MgB2, but the enhancement of Jc is not greater than in
nano-C doped samples.4,12
In this work, stearic acid (C18H36O2) is used as a do-
pant for MgB2 tapes to introduce highly reactive C at
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atomic level. Significant improvement of the irreversibil-
ity field (Hirr), as well as of Jc in high fields is observed.
At 4.2 K, the transport Jc reached 2 × 10
4 A/cm2 at 10 T
and 3.7 × 103 A/cm2 at 14 T, respectively. Our results
show that doping cheap stearic acid is an efficient way to
improve the performance of PIT-processed MgB2 tapes
in high magnetic fields.
The MgB2 composite tapes doping with cheap stearic
acid (C18H36O2, 99%, Beijing Chemical Reagents Com-
pany, China) were prepared by the in situ PIT method.
The added amounts of stearic acid into the MgB2 samples
were 10, 20, and 30 wt%, respectively. Stearic acid was
dissolved in acetone or alcohol. The solution was mixed
with an appropriate amount of B powder (amorphous,
99.99%, Beijing General Research Institute of Mining &
Metallurgy) by ultrasonator in order to achieve a more
uniform distribution. The mixture was dried at 60 °C in a
vacuum oven. After drying, the obtained mixture was
mixed with an appropriate amount Mg powder (325
mesh, 99.8%, Alfa Aesar, Ward Hill, MA). The powder
was then ground by hand with a mortar and pestle. The
sheath materials chosen for this experiment were com-
mercially available pure Fe. The mixed powder was
filled into a Fe tube of 8 mm outside diameter and
1.5 mm wall thickness in air. After packing, the tube was
rotary swaged and then drawn to wires of 1.75 mm in
diameter. The wires were subsequently rolled to tapes of
∼3.8 mm × 0.5 mm. Short samples (∼4 cm each), cut
from the tapes, were wrapped in Ta foil and heat treated
at 800 or 850 °C for 1 h in flowing high purity Ar, and
then cooling in the furnace to room temperature. Un-
doped tapes were also prepared under the same condi-
tions for use as reference samples.
The phase identification and crystal structure investi-
gation were carried out using x-ray diffraction (XRD)
with a Philips X’Pert (The Netherlands) PRO system.
Microstructure was studied using a transmission electron
microscopy (TEM, JEOL 2010F, Tokyo, Japan). Direct
current (dc) magnetization measurements were per-
formed with a superconducting quantum interference
device magnetometer (MPMS-5, Quantum Design, San
Diego, CA). After peeling away the Fe sheath, resistivity
curves were measured with 5 mA transport currents by an
Oxford cryogenic system (Maglab-12, Oxford Instru-
ments, UK), the 90% and 10% points on the resistive
transition curves were used to define the Hc2 and Hirr,
respectively. The transport current Ic at 4.2 K and
its magnetic field dependence were evaluated by a stan-
dard four-probe resistive method, with a criterion of
1 V cm−1, a magnetic field up to 14 T was applied
parallel to the tape surface.
Figure 1 shows XRD patterns of the in situ MgB2 tapes
with different stearic acid doping level. Analysis of the
XRD patterns of the samples revealed that the undoped
tapes consist of a main phase, MgB2, with a small
amount of MgO present, while extra peaks of Mg2C3
appear as impurity phases for doped tapes. There is a
significant shift of the (110) peaks to the higher angle by
doping that indicated a distortion of crystal lattice. Also,
the full width at half maximum of XRD peaks for the
added tapes was apparently larger than that of the corre-
sponding peak for the undoped ones, meaning reduction
in the grain size by the doping. As can be seen in the inset
of Fig. 1, the lattice parameters obtained from Rietveld
refinements showed that the a lattice parameter was re-
duced from 3.0844 for the undoped tapes to 3.0762 Å for
the 30 wt% stearic acid doped samples. On the other
hand, the c lattice parameter remained almost unchanged.
The systematic change in a lattice constant suggested
that the active C atoms, which substituted for B atoms,
came from the C source material, C18H36O2, quite simi-
lar to the effect of nano-C and SiC additions.4,5
Figure 2(a) shows the transport Jc at 4.2 K in magnetic
fields for Fe-sheathed MgB2 tapes with various amounts
of stearic acid doping from 0 to 30 wt% that were heat-
treated at 800 °C. Only data above 8 T are shown, be-
cause at lower field region, Ic was too high to be meas-
ured. It should be noted that the Jc values in high fields
were significantly enhanced for all the stearic acid added
tapes. The field dependence of Jc was also improved by
the stearic acid doping, suggesting that the Hirr is much
enhanced by the additions. The highest Jc value of the
Fe-sheathed tapes was achieved in the 10 wt% addition,
then further increasing stearic acid doping ratio caused a
reduction of Jc in magnetic fields. In magnetic fields
larger than 11 T, the Jc values were increased by more
than one order of magnitude for the 10 and 20 wt% added
samples. At 14 T, the Jc values were over 2000 A/cm
2 for
tapes with doping ratios lower than 20 wt%. The inset in
FIG. 1. XRD patterns of in situ processed pure and doped tapes sin-
tered at 800 °C. The data were obtained after peeling off the Fe-sheath.
Inset is the lattice parameter versusstearic acid content.
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Fig. 2(a) shows Tc for the undoped and 10 wt% doped
tapes. The Tc for the undoped sample is 37.9 K. For the
doped samples, Tc decreased with increasing doping
level. It is note that Tc has only dropped by 2.2 K to
35.7 K for the 10 wt% stearic acid -doped sample, sug-
gesting that some amounts of C were substituted in the
B position in our stearic acid-doped samples.
Transport measurements at 4.2 K at fields up to 14 T
were conducted for 10 wt% added tapes produced at
various annealing temperatures, as shown in Fig. 2(b). As
we can see, all the stearic acid doped samples sintered at
different temperatures exhibited superior Jc values with
excellent Jc field performance compared with the pure
tape in measuring fields of up to 14 T. Clearly, doping
the tape with stearic acid resulted in an enhancement of
more than one order of magnitude in Jc-H properties in
high-field regions, which is caused by the introduction
of carbon into the MgB2. The tapes sintered at 850 °C
revealed the highest Jc values compared with all other
samples: at 4.2 K, the transport Jc reached 2.0 ×
104 A/cm2 at 10 T, ∼1.0 × 104 A/cm2 at 12 T, and 3.7 ×
103 A/cm2 at 14 T. The Jc-H properties of our stearic
acid-doped MgB2 tapes are much better than the MgB2
bulk or tapes made by malic acid15, aromatic hydrocar-
bon14 and Si oil16 doping reported so far, and also are
comparable to the best results recently achieved in the
nano-C- and SiC- doped MgB2 tapes.
5,7,12 It should be
noted that there was little difference in Jc(H) performance
between the doped tapes heated at 700 and 800 °C.
Figure 3 shows the Hc2 and Hirr values versus tem-
perature for the pure and 10 wt% doped tapes that heated
at 800 °C. Significantly enhanced Hirr and Hc2 for the
stearic acid-doped sample are clearly observed. The
doped tapes had larger dHc2/dT values compared with the
undoped ones. The upturn in the Hc2 curve provides
strong evidence for predictions from the two band super-
conductivity in MgB2.
17 This increase in the critical
fields is believed to be because of the substantial substi-
tution of boron for carbon, as supported by the change in
the lattice parameter (see Fig. 1). In particular, the Hirr of
10 wt% doped tapes reached ∼10 T at 20 K, exceeding
that of NbTi at 4.2 K, suggesting that the use of MgB2
conductors will permit the replacement of superconduct-
ing magnets, such as MRI magnets fabricated with NbTi
conductors and operated at ∼20 K with a convenient
cryocooler.
Microstructural analyses are used to further elucidate
the mechanism for the doping effect of stearic acid on
MgB2/Fe tapes. As shown in Fig. 4, TEM micro-
graph shows that the doped samples are tightly packed
MgB2 nanoparticle structure with an average grain size
of <50 nm [Fig. 4(a)], resulting in a good grain connec-
tion as well as the grain boundary flux pinning. Well-
defined ring patterns from the selected diffraction (SAD)
FIG. 2. (a) Transport critical current densities of Fe-sheathed MgB2
tapes with stearic acid doping level from 0 to 30 wt% at 4.2 K in
magnetic fields. Inset shows Tc for pure and 10 wt% added tapes
heated at 800 °C. (b) Transport Jc at 4.2 K in magnetic fields up to
14 T for 10 wt% stearic acid-doped MgB2 tapes sintered at various
temperatures.
FIG. 3. Temperature dependence of Hirr and Hc2 for the pure and
10 wt% stearic acid doped tapes.
Rapid Communications
J. Mater. Res., Vol. 22, No. 11, Nov 2007 2989
patterns [inset of Figs. 4(a) and 4(c)] further demonstrate
a very fine grain size in the doped tapes. However, the
SAD patterns also suggest that the samples sintered at
850 °C were very well crystallized compared with tapes
heated at 800 °C. More notably, the TEM examination
shows that a high density of dislocations and a large
number of about 10 nm inclusions inside the grains
[Figs. 4(b) and 4(c)]. The energy dispersive spectroscopy
analysis of the grains reveals the presence of uniformly
distributed Mg, B, C, and O [Fig. 4(d)]. This suggests
that the inclusion nanoparticles might be C or MgO and
Mg2C3 detected by XRD. All the nanosized inclusions
and intragrain defects created by stearic acid doping can
serve as strong pinning centers. Our TEM results suggest
that a combination of C substitution-induced defects and
highly dispersed additives are responsible for the en-
hanced flux pinning by stearic acid doping.
The significant enhancement of Jc(H), Hc2, and Hirr in
the stearic acid-added MgB2 tapes can be attributed to
strong flux pinning as well as good grain connectivity
caused by the C-doping effect. As we know, the melting
point of stearic acid is around 69.6 °C, highly reactive C
is released in our samples as a result of the decomposi-
tion of C18H36O2 during annealing. This C at the atomic
scale would be easily incorporated into the crystal lattice
of MgB2, then substitute into B sites via the reaction, and
may also embed itself into the MgB2 grains as nano-
inclusions, as has been observed in nano-C doped
MgB2.
4 The large distortion of the crystal lattice caused
by carbon substitution for B leads to enhanced electron
scattering and enhancement of Hc2. In the meantime, the
grain size decreases with the stearic acid addition, as
supported by the XRD patterns with broad peaks. Thus,
the enhanced number of grain boundaries associated with
the smaller grain size can increase the flux pinning, like
in the case of high-Jc, high-Hc2 Nb3Sn.
18 Further, highly
dispersed nanoparticles within the grains and a high
density of defects such as dislocation and stacking faults,
as evidenced by TEM examinations, can enhance the flux
pinning directly. Therefore, the mechanism operating to
FIG. 4. TEM images showing the nanoparticle inclusions and defects of the 10 wt% stearic acid-doped samples. The diffraction pattern of
each sample is shown in the corner of the corresponding image. (a) Low-magnification micrograph for samples sintered at 800 °C. (b) High-
magnification micrograph for samples sintered at 800 °C. (c) High-magnification image for samples sintered at 850 °C. (d) The energy dispersive
spectroscopy element analysis of MgB2 grains. Note that a small Cu-peak was contributed by the sample holder.
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achieve such excellent Jc(H) performance in our doped
MgB2/Fe tapes is closely related to the substantial sub-
stitution of boron for carbon and strong flux pinning
caused by stearic acid addition.
It should be noted that the improvement of Jc and Hirr
in this work using stearic acid is quite comparable with
that achieved by nano carbon- and SiC-doped MgB2/Fe
tapes.4,5,7 In particular, the stearic acid is easier and
cheaper to enhance the Jc(H) properties compared with
SiC or C nanopowders, because stearic acid is abundant
as an ingredient in making candles, soaps, plastics, oil
pastel, and cosmetics, and for softening rubber. Thus,
stearic acid has proven to be one of the most promising
dopants for MgB2 wires and tapes with high Jc(H).
In summary, by utilizing very cheap stearic acid dop-
ing, Jc enhancements of up to an order of magnitude in
high-field region were achieved in a reproducible way for
Fe-sheathed MgB2 tapes made by the in situ powder-in-
tube method. Furthermore, the tapes with doping stearic
acid showed a Hirr value comparable with that of com-
mercial NbTi at 4.2 K. This significantly improves the
potential of MgB2 for practical applications. It is ex-
pected that further improvement in Jc-H using stearic
acid is will be found by optimizing the processing con-
ditions.
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